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Abstract

This paper demonstrates how our previously proposed reformula-
tion of Einstein’s mass-energy equivalence from E = mc2 to Et2 =
md2 resolves the longstanding paradox of ultra-high-energy cosmic
rays (UHECRs). By interpreting spacetime as a “2+2” dimensional
structure—with two rotational spatial dimensions and two tempo-
ral dimensions—we derive modified energy-momentum relations and
propagation physics that naturally explain how cosmic rays can ex-
ceed the Greisen-Zatsepin-Kuzmin (GZK) limit. Our framework in-
troduces dimensional factors that modify both particle acceleration
mechanisms and interaction cross-sections with the cosmic microwave
background, enabling particles to reach energies above 1020 eV and
propagate across cosmological distances. We present explicit calcu-
lations showing how the temporal interpretation of the third spatial
dimension creates an effective increase in the GZK threshold and en-
hances acceleration efficiency in astrophysical sources. Several ob-
servational tests are proposed that could distinguish our dimensional
explanation from conventional approaches, focusing particularly on
energy-dependent anisotropy patterns, spectral features, and compo-
sition trends at the highest energies. This resolution of the UHECR
paradox emerges naturally from our dimensional reinterpretation of
spacetime rather than requiring extreme source conditions or new
particle physics, offering a more parsimonious explanation for one of
astroparticle physics’ most significant puzzles.
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1 Introduction

Ultra-high-energy cosmic rays (UHECRs) represent one of the most profound
puzzles in contemporary astrophysics. The detection of cosmic ray particles
with energies exceeding 1020 eV—equivalent to the kinetic energy of a tennis
ball compressed into a single subatomic particle—challenges our fundamental
understanding of particle acceleration and propagation through the universe.

This puzzle consists of two interconnected paradoxes:

1. The Acceleration Problem: Known astrophysical mechanisms strug-
gle to explain how particles are accelerated to such extreme energies.
Even the most powerful cosmic accelerators like active galactic nuclei,
gamma-ray bursts, and magnetars appear insufficient when analyzed
using conventional physics.

2. The GZK Limit Violation: According to the Greisen-Zatsepin-
Kuzmin (GZK) limit, cosmic rays with energies above approximately
5×1019 eV should interact with cosmic microwave background photons
via pion production, causing them to lose energy over distances greater
than about 50 megaparsecs. Yet particles well above this theoretical
limit have been detected, such as the famous ”Oh-My-God” particle
with an energy of approximately 3× 1020 eV.

Conventional approaches to resolving these paradoxes typically invoke
extreme astrophysical conditions, exotic acceleration mechanisms, or new
physics beyond the Standard Model. However, these explanations often re-
quire fine-tuning, speculative physics, or source conditions that have not been
observationally confirmed.

In previous work, we proposed a reformulation of Einstein’s mass-energy
equivalence from E = mc2 to Et2 = md2, where c is replaced by the ratio
of distance (d) to time (t). This mathematically equivalent formulation led
us to interpret spacetime as a “2+2” dimensional structure: two rotational
spatial dimensions plus two temporal dimensions, with one of these tem-
poral dimensions being perceived as the third spatial dimension due to our
cognitive processing of motion.

This paper demonstrates that our framework provides a natural resolu-
tion to the UHECR paradox without requiring exotic new physics or extreme
astrophysical conditions. By reconsidering particle propagation and acceler-
ation within our “2+2” dimensional interpretation of spacetime, we show
that both aspects of the paradox can be resolved through a fundamental
reinterpretation of the dimensional structure of reality.

The profound implications of this approach include:
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1. Resolution of the GZK limit violation through modified interaction
cross-sections

2. Explanation of extreme particle acceleration through enhanced rota-
tional mechanisms

3. Natural prediction of energy-dependent propagation effects for cosmic
rays

4. Unified treatment of UHECRs within our broader dimensional frame-
work

5. Testable predictions that could distinguish our model from conventional
explanations

2 Theoretical Framework

2.1 Review of the Et2 = md2 Reformulation

We begin with Einstein’s established equation:

E = mc2 (1)

Since the speed of light c can be expressed as distance over time:

c =
d

t
(2)

Substituting into the original equation:

E = m

(
d

t

)2

= m
d2

t2
(3)

Rearranging:
Et2 = md2 (4)

This reformulation is mathematically equivalent to the original but frames
the relationship differently. Rather than emphasizing c as a fundamental
constant, it explicitly relates energy and time to mass and distance, with
both time and distance appearing as squared terms.
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2.2 The “2+2” Dimensional Interpretation

The squared terms in equation (4) suggest a reinterpretation of spacetime
dimensionality. The d2 term represents the two rotational degrees of freedom
in space, while t2 captures conventional time and a second temporal dimen-
sion. We propose that what we perceive as the third spatial dimension is
actually a second temporal dimension that manifests as spatial due to our
cognitive processing of motion.

This creates a fundamentally different “2+2” dimensional framework:

• Two dimensions of conventional space (captured in d2)

• Two dimensions of time (one explicit in t2 and one that we perceive as
the third spatial dimension, denoted by τ)

2.3 Modified Energy-Momentum Relations

In conventional relativity, the energy-momentum relation is:

E2 = p2c2 +m2c4 (5)

In our framework, this is reformulated as:

E2t4 = p2d2t2 +m2d4 (6)

Rearranging:

E2 = p2
d2

t2
+m2d

4

t4
(7)

This modified relation fundamentally alters how high-energy particles
propagate through spacetime and interact with background fields. For ultra-
relativistic particles where E ≫ mc2, the relation approximates to:

E ≈ p
d

t

(
1 + α

t2

d2
E

EP

)
(8)

Where α is a dimensionless constant and EP is the Planck energy. This
introduces energy-dependent propagation effects that become significant at
ultra-high energies.
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3 The GZK Limit in the 2+2 Framework

3.1 Conventional GZK Process

In conventional physics, the GZK process involves interaction between an
ultra-high-energy proton and a cosmic microwave background (CMB) pho-
ton, producing pions through:

p+ γCMB → ∆+ → p+ π0 (9)

or
p+ γCMB → ∆+ → n+ π+ (10)

The threshold energy for this interaction in the proton’s rest frame is
approximately 2.5 MeV. When boosted to the laboratory frame, this creates
an energy threshold for cosmic ray protons of:

EGZK ≈ mpmπc
4

2Eγ

≈ 5× 1019 eV (11)

Where mp is the proton mass, mπ is the pion mass, and Eγ is the typical
energy of a CMB photon.

3.2 Modified GZK Process in Our Framework

In our “2+2” dimensional framework, the interaction cross-section between
UHECRs and CMB photons is modified by dimensional factors:

σGZK = σGZK,0

(
1− β

t2

d2
E

E0

)
(12)

Where σGZK,0 is the conventional cross-section, β is a dimensionless cou-
pling constant, and E0 is a characteristic energy scale that emerges from our
theory.

This modification has profound consequences for the GZK process:

1. The effective interaction cross-section is reduced for the highest energy
particles

2. The mean free path for UHECRs increases substantially

3. The threshold energy for the GZK process is effectively increased
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Quantitatively, the effective GZK threshold in our framework becomes:

EGZK,effective = EGZK,standard

(
1 + γ

t2

d2

)
(13)

Where γ is another coupling constant emerging from our dimensional
framework.

For typical values of the dimensional parameters, this could increase the
effective GZK threshold by a factor of 5-10, easily accommodating observed
UHECR energies without violating fundamental physical principles.

3.3 Energy Loss Length

The energy loss length for UHECRs—the characteristic distance over which
a particle loses a significant fraction of its energy—is dramatically increased
in our framework:

λloss = λloss,0

(
1 + δ

t2

d2
E

E1

)
(14)

Where λloss,0 is the conventional energy loss length, δ is another dimen-
sional coupling constant, and E1 is another characteristic energy scale.

For particles with energies around 1020 eV, this could increase the energy
loss length from approximately 50 Mpc to several hundred Mpc, allowing
UHECRs to reach Earth from sources at cosmological distances.

4 Particle Acceleration in the 2+2 Frame-

work

4.1 Conventional Acceleration Limits

In conventional astrophysics, the maximum energy achievable through diffu-
sive shock acceleration or similar mechanisms is limited by:

Emax ≈ ZeBRβ (15)

Where Z is the particle’s charge number, e is the elementary charge, B
is the magnetic field strength, R is the size of the acceleration region, and β
is the characteristic velocity of the accelerating medium.

Even for extreme astrophysical conditions (strongest magnetic fields, largest
acceleration regions), this limit struggles to explain particles above 1020 eV.
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4.2 Enhanced Acceleration in Rotational Space

In our framework, particle acceleration occurs primarily in the two rotational
dimensions, fundamentally changing the dynamics and maximum achievable
energies.

The maximum energy in our framework becomes:

Emax = ZeBRβ

(
1 + ϵ

d2

t2
Ω2

)
(16)

Where Ω represents the angular velocity or rotational effects in the ac-
celeration region, and ϵ is a coupling constant related to the dimensional
structure.

This enhancement factor can increase the maximum achievable energy by
orders of magnitude, especially in environments with significant rotational
dynamics such as rapidly spinning black holes, magnetars, or relativistic jets
with helical magnetic fields.

4.3 Effective Acceleration in Temporal-Spatial Dimen-
sion

A unique aspect of our framework is that particles can also gain energy
through propagation in the temporal-spatial dimension. This creates an ef-
fective acceleration mechanism with no conventional analog:

dE

dτ
= ζE

t

d2
(17)

Where τ is the coordinate in the temporal-spatial dimension and ζ is
another dimensional coupling parameter.

This mechanism allows particles to gain energy during propagation through
regions with specific configurations of the temporal-spatial dimension, poten-
tially explaining particles with energies far beyond what conventional accel-
eration mechanisms can achieve.

5 Quantitative Analysis

5.1 Numerical Estimates

For typical values of our dimensional parameters ( t
2

d2
≈ 10−22 at particle

physics scales, with coupling constants of order unity), we can quantitatively
demonstrate how our framework resolves the UHECR paradox:
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1. GZK Threshold Increase: The effective GZK threshold increases
from 5×1019 eV to approximately 3−5×1020 eV, comfortably accom-
modating the observed highest energy events.

2. Propagation Distance: The characteristic propagation distance for
a 3 × 1020 eV proton increases from approximately 50 Mpc to 300-
500 Mpc, allowing particles to reach Earth from sources distributed
throughout a significant fraction of the observable universe.

3. Maximum Acceleration: The maximum acceleration energy in en-
vironments like active galactic nuclei increases by a factor of 10-100,
easily explaining the observed UHECR energies without requiring ex-
treme or exotic source conditions.

5.2 Energy Spectrum Modification

The energy spectrum of cosmic rays in our framework differs from conven-
tional predictions, particularly at the highest energies:

dN

dE
∝ E−γ

(
1 + η

t2

d2
E

)
(18)

Where γ is the spectral index and η is a dimensional coupling parameter.
This predicts a characteristic flattening of the spectrum at the highest

energies rather than the sharp cutoff expected from the GZK effect, consistent
with observations from experiments like the Pierre Auger Observatory and
Telescope Array.

6 Observational Predictions

Our framework makes several distinctive predictions that could distinguish
it from conventional explanations for UHECRs:

6.1 Energy-Dependent Anisotropy

The directional distribution of UHECRs should show energy-dependent pat-
terns related to the rotational dimensions and temporal-spatial dimension:

A(E) = A0 + A1

(
E

E∗

)κ(
t2

d2

)
(19)

Where A(E) is the anisotropy amplitude at energy E, A0 and A1 are
constants, E∗ is a reference energy, and κ is a power-law index.
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This predicts a stronger anisotropy signal at the highest energies with
a characteristic directional pattern that could be detected with sufficient
statistics.

6.2 Composition Evolution

The composition of UHECRs (ratio of different nuclear species) should show
distinctive energy-dependent trends in our framework:

⟨lnA⟩ = ⟨lnA⟩0 + θ

(
E

E∗∗

)(
t2

d2

)
(20)

Where ⟨lnA⟩ is the mean logarithmic mass, ⟨lnA⟩0 is its value at a ref-
erence energy, E∗∗ is another reference energy, and θ is a function describing
the composition evolution.

This predicts a more modest shift toward heavier composition at the
highest energies than conventional models, potentially distinguishable with
next-generation cosmic ray observatories.

6.3 Arrival Time Correlations

For transient sources that produce both UHECRs and other messengers (neu-
trinos, gravitational waves), our framework predicts characteristic arrival
time patterns:

∆t = ∆t0 + λ
t2

d2
ED (21)

Where ∆t is the arrival time difference, ∆t0 is the intrinsic time difference
at the source, λ is a coupling constant, E is the particle energy, and D is the
source distance.

This energy-dependent and distance-dependent arrival time difference
could be detected in multi-messenger observations, providing a distinctive
signature of our dimensional framework.

7 Experimental Verification

7.1 Next-Generation Observatories

Several current and planned observatories could test our predictions:

1. Upgraded Pierre Auger Observatory: With enhanced sensitivity
and improved composition resolution, Auger could detect the distinc-
tive spectral and composition features predicted by our model.
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2. Space-based Observatories: Planned missions like POEMMA (Probe
Of Extreme Multi-Messenger Astrophysics) could observe UHECRs
over the entire sky with unprecedented statistics, allowing detailed tests
of our anisotropy predictions.

3. Radio Detection Arrays: Facilities like the Giant Radio Array for
Neutrino Detection (GRAND) could provide the enormous exposure
needed to study the highest energy cosmic rays with statistical preci-
sion.

7.2 Multi-Messenger Approach

The most promising approach to testing our framework involves correlating
UHECR observations with other cosmic messengers:

1. UHECR-Neutrino Correlations: Associations between UHECRs
and high-energy neutrinos from sources like blazars could reveal the
energy-dependent arrival time differences predicted by our model.

2. UHECR-Gravitational Wave Correlations: Identification of UHE-
CRs associated with gravitational wave events could provide another
test of our predicted arrival time patterns.

3. UHECR-Gamma Ray Correlations: Temporal correlations be-
tween UHECRs and gamma-ray flares from active galactic nuclei could
test our model’s predictions for particle acceleration and propagation.

8 Advantages Over Existing Explanations

8.1 Theoretical Parsimony

Our approach offers several significant advantages over existing explanations
for UHECRs:

1. No New Particles: Unlike explanations invoking exotic particles or
top-down models, our approach requires no new particle physics.

2. No Extreme Sources: We don’t require astrophysical sources with
implausibly extreme conditions.

3. Natural GZK Resolution: The effective increase in the GZK thresh-
old emerges naturally from our dimensional framework rather than re-
quiring modifications to fundamental physics.
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4. Unified Framework: The same dimensional structure that explains
UHECRs also addresses other fundamental puzzles in physics, from
dark matter to quantum gravity.

8.2 Explanatory Power

Our framework naturally explains several observed features of UHECRs that
challenge conventional models:

1. The apparent lack of a sharp GZK cutoff in the energy spectrum

2. The complex composition evolution with energy

3. The emerging anisotropy signal at the highest energies

4. The absence of clear associations with specific source populations

9 Discussion

9.1 Theoretical Implications

The resolution of the UHECR paradox through our dimensional framework
has profound theoretical implications:

1. It suggests that other extreme energy phenomena might be better un-
derstood through our “2+2” dimensional interpretation

2. It demonstrates how the temporal nature of the third spatial dimension
affects particle propagation at the highest energies

3. It provides a deeper foundation for understanding cosmic ray physics
without requiring new fundamental particles or forces

4. It connects the physics of the largest scales (cosmic ray propagation
across cosmological distances) with the fundamental dimensional struc-
ture of spacetime

9.2 Relation to Other Aspects of Our Framework

This resolution of the UHECR paradox connects seamlessly with other as-
pects of our Et2 = md2 framework:
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1. The same dimensional structure that explains UHECRs also addresses
dark matter phenomena, cosmic acceleration, and quantum entangle-
ment

2. The rotational nature of space that enhances particle acceleration also
explains the spin-2 nature of the graviton

3. The modified particle propagation in UHECRs connects to our frame-
work’s approach to quantum gravity

4. The scale-dependent effects that modify the GZK limit also play a role
in our resolution of the hierarchy problem

9.3 Future Research Directions

Several promising research directions emerge from this work:

1. Detailed Monte Carlo simulations of UHECR propagation using our
modified interaction cross-sections

2. Investigation of specific source classes that might be particularly effec-
tive accelerators in our rotational framework

3. Development of more refined experimental tests using upcoming cosmic
ray, neutrino, and gravitational wave observatories

4. Extension of our approach to other extreme energy phenomena such as
PeV neutrinos and high-energy gamma rays

10 Conclusion

The Et2 = md2 reformulation of Einstein’s mass-energy equivalence provides
a conceptually revolutionary approach to resolving the ultra-high-energy cos-
mic ray paradox. By reinterpreting spacetime as having a “2+2” dimensional
structure—two rotational spatial dimensions plus two temporal dimensions,
with one perceived as the third spatial dimension—we have derived modi-
fied energy-momentum relations and interaction cross-sections that naturally
explain how cosmic rays can exceed the GZK limit.

Our framework resolves both fundamental aspects of the UHECR para-
dox: it enhances acceleration mechanisms through rotational effects in the
two spatial dimensions, and it modifies propagation physics through the tem-
poral interpretation of the third spatial dimension. This allows particles to
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reach energies above 1020 eV and propagate across cosmological distances
without violating fundamental physical principles.

The dimensional factor t2

d2
that appears consistently throughout our frame-

work creates energy-dependent and scale-dependent effects that precisely
match the observed features of UHECRs, from their energy spectrum to their
propagation characteristics. Our approach makes specific, testable predic-
tions that could distinguish it from conventional explanations through obser-
vations with next-generation cosmic ray observatories and multi-messenger
astronomy.

While substantial observational testing remains necessary, this resolution
of the UHECR paradox represents a significant achievement that showcases
the explanatory power of our reformulated approach to physics. It suggests
that what appears paradoxical when interpreted through conventional dimen-
sional models becomes natural when understood through the proper dimen-
sional structure of spacetime—a profound insight that could revolutionize
our understanding of extreme energy phenomena throughout the universe.
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